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ABSTRACT 

Lin28 is critical for stem cell maintenance and is 
also associated with advanced human malig- 
nancies. Our recent genome-wide studies mark 
Lin28 as a master post-transcriptional regulator of 
a subset of messenger RNAs important for cell 
growth and metabolism. However, the molecular 
basis underpinning the selective mRNA target regu- 
lation is unclear. Here, we provide evidence that 
Lin28 recognizes a unique motif in multiple target 
mRNAs, characterized by a small but critical 'A' 
bulge flanked by two G:C base pairs embedded in 
a complex secondary structure. This motif mediates 
Lin28-dependent stimulation of translation. As Lin28 
is also known to inhibit the biogenesis of a cohort of 
miRNAs including let-7, we propose that Lin28 
binding to different RNA types (precursor miRNAs 
versus mRNAs) may facilitate recruitment of differ- 
ent co-factors, leading to distinct regulatory 
outcomes. Our findings uncover a putative yet un- 
expected motif that may constitute a mechanistic 
base for the multitude of functions regulated by 
Lin28 in both stem cells and cancer cells. 



INTRODUCTION 

The developmentally regulated RNA-binding protein 
Lin28 is expressed abundantly in human and mouse em- 
bryonic stem (ES) cells and is required for their mainten- 
ance (1—4). Its aberrant expression in diverse human 
malignancies has been associated with advanced disease 
(5,6). Lin28 exerts its biological effects through at least 



two molecular mechanisms. First, it selectively blocks 
the production of a cohort of miRNAs including let-7, 
leading to derepression of their targets involved in cell 
growth and differentiation (4,5,7-11). miRNAs are short 
RNAs of ~22nt that regulate target mRNA expression 
through base-paired interaction (12). miRNA biogenesis 
involves cropping of the primary miRNA transcripts 
(pri-miRNAs) in the nucleus by the Drosha complex to 
produce ~70-nt precursor miRNAs (pre-miRNAs), 
which are further cleaved in the cytoplasm by the Dicer 
complex to yield mature miRNAs. Second, Lin28 binds 
specific messenger RNAs and modulates their translation 
(3,13-17). Roughly, 5% of mRNAs (including that for the 
key pluripotency factor Oct4) in human ES cells and em- 
bryonal carcinoma (EC) cells appear to be bound and 
regulated by Lin28 (3). 

The mechanism underlying selective inhibition of let-7 
by Lin28 has been extensively studied. The common theme 
is that Lin28 binds to the terminal loop region of pri/ 
pre-let-7 and blocks their processing (4,7,8,1 1,18— 20). 
However, the exact sequence and structural motif that 
dictates Lin28 binding and inhibition remains controver- 
sial. Piskounova et al. (19) reported a conserved cytosine 
nucleotide in the loop region of pre-let-7g to be required 
for both Lin28 binding and processing inhibition. 
Newman et al. (8), however, showed that mutating a 
conserved adenosine together with two guanosine nucleo- 
tides in the loop region of pre-let-7g severely impaired 
Lin28-mediated let-7 inhibition. Yet, a third group 
reported that a conserved GGAG tetra-nucleotide 
sequence motif mediates Lin28-dependent miRNA 
uridylation (4), a process that promotes pre-let-7 degrad- 
ation (21-23). Together, these studies highlight the 
unusual complexity of mechanisms underpinning Lin28- 
mediated regulation. 
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How Lin28 selects its mRNA targets and regulates them 
is currently an unexplored area and is fundamental to our 
understanding of the physiological functions of Lin28. 
Using bioinformatics approaches combined with in vitro 
binding and in vivo reporter analysis, we identify, in this 
report, a putative sequence and structural motif common 
to multiple Lin28 mRNA targets that confers specificity of 
Lin28-mediated regulation of translation. We also provide 
evidence that binding of Lin28 to miRNA precursors or 
mRNAs is associated with recruitment of different auxil- 
iary factors, resulting in distinct regulatory outcomes. 

MATERIALS AND METHODS 

Antibodies and plasmids 

The antibodies specific for beta-tubulin (Abeam, ab6046) 
and Flag (Santa Cruz, sc-807) were purchased. The 
FL-Lin28 and FL-Lin28AC expression vectors were pre- 
viously described (3,17). To create FL-CCHCmut, a 
human Lin28 expression vector containing the indicated 
CCHC point mutations was used as a PCR template and 
the resulting PCR fragment was inserted into pFLAG- 
CMV-2 (Sigma, E7398) at the NotI and BamHI sites. 
The luciferase reporter construct Oct4-95 was previously 
described (3). Constructs Oct4-14T, Oct4-AA, RPS19- 
106, RPS19-75T, RPS19-3xT, HMGA1-129 and 
HMGA1-53T were made by cloning chemically 
synthesized double-stranded DNA oligos containing the 
indicated human gene sequences (wild-type or mutant) 
at the NotI and Xhol sites of the parental firefly 
luciferase reporter vector (3). Constructs HER2-200 and 
mHMGAl-133 were created by cloning PCR fragments 
containing the 200- and 133-nt sequences from human 
HER2 (NM_004448.2) and mouse HMGA1 
(NM_016660.3), respectively, at the NotI and Xhol sites 
of the firefly luciferase reporter vector. 

Cell culture and transfection 

The culture and transfection of the PA-1 and HEK293 
cells were carried out as preciously described (3,16). 

In vitro transcription 

To make a T7 promoter-containing double-stranded 
DNA template for in vitro transcription to generate the 
human pre-let-7a-l RNA, a T7 adapter oligo (5'-gcgttaata 
cgactcactatagggcTGAGGTAGTAGGTTGTATAG-3') 
was annealed to a longer miRNA oligo (5'-GGAAAGAC 
AGTAGATTGTATAGTTATCTCCCAGTGGTGGGT 
GTGACCCTAAAACTATACAACCTACTACCTCAgc 
cctatagtgagtcgtattaacgc-3'), followed by PCR extension 
using Pfu DNA polymerase. The PCR reaction was con- 
ducted at 95°C for 5min, 59°C for 1 min and 72°C for 
lOmin, 1 cycle. To generate T7 DNA templates for 
in vitro transcription to produce Oct4-95, Oct4-14T, 
HMGA1-129 and HMGA1-53T RNA, PCR reactions 
were carried out using the following sets of primers: 
forward 5'-gcgttaatacgactcactatagggcTCCTGAAGCAG 
AAGAGGA-3' and reverse 5'-GGCAGATGGTCGTTT 
GGCTGAATAC-3' for Oct4-95, Oct4-14T and Oct4-AA; 



and forward 5'-gcgttaatacgactcactatagggcGGACGGCAC 
TGAGAAGCG-3' and reverse 5'-GGTCGGCCCCGAG 
GTCTCTTAGGTG-3' for HMGA1-129 and 
HMGA1-53T, using the corresponding luciferase 
reporter constructs as templates. Resulting PCR frag- 
ments were gel purified and used to produce the respective 
RNAs using MEGAscript T7 (Ambion, AM 1334) as pre- 
viously described (16,17). 

Electrophoretic mobility shift analysis 

Binding reactions were in a total volume of 10 ul using 
1 x 10 5 cpm of internally 32 P-UTP-labeled RNA probe, 
together with the indicated amounts of recombinant 
Lin28 (rLin28) expressed and purified as described previ- 
ously (8). Binding buffer contained 1.2 ug/ul yeast tRNA, 
1.2mM MgCl 2 , 300 mM KC1, 3.4% glycerol, 1.2 mM 
DTT, 24 mM HEPES, pH 7.5 and 41 mg/ml heparin. 
Prior to adding rLin28, samples were heated at 90°C for 
3 min, followed by cooling at 25°C for 5 min. Binding 
reaction was conducted at 25° C for 30 min. Then, 2ul of 
50% glycerol was added and native gel electrophoresis 
was conducted on a 5% polyacrylamide gel at 4°C and 
12 V/cm for 50 min. Band intensities of scanned films were 
quantified using Totallab Quant software and the data 
processed using the GraphPad Prism program. The total 
amount of RNA probe in each binding reaction was 
normalized against the unbound probe (in the absence 
of rLin28) and used to calculate the fraction bound by 
rLin28. The dissociation constants of Oct4-95, pre-let-7a, 
Oct4-14T and HMGA1-129, were calculated using 
the equation: fraction bound = _6 max ([rLin28])/ 
(K d + [rLin28]), with imiax being the observed maximum 
fraction of probe bound, [rLin28] the protein concentra- 
tion and the dissociation constant. In the cases of 
Oct4-95, Oct4-14T and HMGA1-129, Complex 2 (in 
addition to Complex 1) formed at high rLin28 concentra- 
tion, and signals of Complex 1 and 2 were combined to 
generate probe bound signals in K d calculation. 

RNA extraction and RT-qPCR 

These were carried out essentially as previously described 
(3,16). The PCR primers are as follows: rpsl9 
(NM_001022.3) forward 5'-AGACGTGAACCAGCAG 
GAGT, rpsl9 reverse 5'-AGCTCGCGTGTAGAACCA 
GT; her2 forward 5'-AGCACTGGGGAGTCTTTGTG, 
her2 reverse 5'-CTGAATGGGTCGCTTTTGTT. To 
measure let-7a miRNA levels in HEK293 cells, total 
RNAs were extracted from FL-Lin28, FL-CCHCmut, 
FL-Lin28AC or vector transfected cells using Qiagen 
miRNeasy Mini kit (catalog number 1038703), followed 
by RT-qPCR using miScript reverse transcription kit 
(catalog number 218061) and miScript SYBR Green 
PCR kit (catalog number 218073) according to the manu- 
facturers' instructions. Let-7a miRNA levels were 
normalized using internal control U6 small nuclear 
RNA (RNU6B-2) levels. 

Luciferase assays 

These were carried out as previously described (3). 
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RESULTS 

Oct4 mRNA harbors a unique motif that mediates 
Lin28-dependent stimulation of translation 

We have previously reported a Lin28-responsive element 
(LRE) of 95-nt from the open reading frame (ORF) of 
Oct4 mRNA that elicits Lin28-dependent stimulation of 
translation when present in the 3'-untranslated region 
(3'-UTR) of a luciferase reporter (3). LREs have been 
mapped mostly to the ORFs (3,14,16,17), and a few to 
the 5'-UTR (13) and 3'-UTRs (15) of Lin28 mRNA 
targets. Regulation of translation by elements located in 
the 3'-UTRs has been extensively investigated. However, 
emerging evidence points to the notion that translational 
regulation can also be conferred by elements present in the 
ORFs and 5'-UTRs of mRNAs and that some elements 
can regulate translation from the ORFs or 5'-UTRs as 
efficiently as from the 3'-UTRs via a similar mechanism 
(24-26). Thus, it is conceivable that LREs derived from 
ORFs of Lin28 mRNA targets exhibit translational regu- 
latory effects when present at the 3'-UTR of a reporter 
gene (3,14,16,17). 

The mode of action of Lin28 in translation has been 
suggested: Lin28 binds to target mRNAs through recog- 
nition of LREs and subsequently recruits RNA helicase A 
(RHA) that plays an important role in facilitating RNP 
rearrangement during translation, thereby stimulating 
translation (3,14,16,17). To confirm a direct interaction 
between Lin28 and the 95-nt LRE (Oct4-95), we carried 
out electrophoretic mobility shift analysis (EMSA) with 
the Oct4-95 RNA and recombinant Lin28 protein 
(rLin28), using pre-let-7a RNA as a positive control. 
Figure 1 shows autoradiographs of non-denaturing gel 
electrophoresis of 32 P-labeled Oct4-95 RNA (Figure 1A) 
or pre-let-7a RNA (Figure IB) with increasing concentra- 
tions of rLin28. While only one protein-RNA complex 



(Complex 1, Figure IB) formed with pre-let-7a, two 
complexes (Complex 1 and 2, Figure 1A) formed with 
Oct4-95 RNA, with Complex 2 forming at higher rLin28 
concentrations, suggesting that more than one molecules 
of Lin28 may bind Oct4-95 at higher concentrations. 
To simplify the analysis, we combined Complex 1 and 2 
as one complex in our ^ d calculation. Thus, we estimated 
the K d of Lin28 binding to the Oct4-95 RNA to be 
1.13 uM (Figure 1A, bottom panel), and to the pre-let-7a 
to be 1.99 uM (Figure IB, bottom panel). The slightly 
lower K d value for Oct4-95 compared to pre-let-7 (which 
was reported to be 2.1 uM) (19) was also reflected by com- 
petition experiments showing that unlabeled Oct4-95 
competed better for binding to Lin28 than the unlabeled 
pre-let-7a RNA (Figure 1C). Based on these findings we 
conclude that Lin28 binds Oct4-95 RNA directly and with 
an affinity similar to that of pre-let-7a RNA. 

Our previous studies have suggested possible structural 
features involved in Lin28 recognition of its target 
mRNAs (3). Therefore, we employed the mFOLD 
program (http://mfold.rna.albany.edu/7q = mfold/RNA- 
Folding-Form) to predict the secondary structure of 
Oct4-95 RNA. This program has accurately predicted 
the secondary structures of various RNAs including the 
CTE (27-29), the RHA-binding elements (30) and the 
pre-let-7a (20). The mFOLD computation was executed 
at fixed conditions of 37°C with 1 M NaCl and no 
divalent ions. This algorithm predicted three potential 
structures that are highly similar to one another in that 
each contains a stem (Stem A) and two stem-loops (Stem- 
loop B and C) (Figure 2A). Importantly, this structure is 
maintained in a longer fragment (369 nt, previously called 
Oct4-R2, Supplementary Figure SI) shown to have an 
activity in Lin28-dependent stimulation of translation 
(3,16), suggesting that this structure may form and be 
functional in vivo in the context of full-length Oct4 
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Figure 1. Lin28 binds Oct4-95 in vitro. Autoradiographs of EMSA using labeled Oct4-95 (A) or pre-let-7a RNA (B) with increasing amounts of 
rLin28. The positions of unbound RNA- and RNA-protein complexes are marked to the right. Band intensities were quantified from three 
independent experiments and used to calculate the K d values shown in the plots below. In the case of Oct4-95, Complex 1 and 2 were combined 
as one complex in calculation. (C) Autoradiograph of EMSA performed with labeled pre-let-7a RNA and 3.2 uM of rLin28. The amounts of 
unlabeled competitor Oct4-95 or pre-let-7a RNA added in relative molar excess are indicated on the top. Band intensities were calculated and 
presented as percentage of fraction bound. Numbers are averages of two independent experiments. 
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Figure 2. Structural characteristics of Oct4-95. (A) A predicted secondary structure of Oct4-95. The critical 'A' bulge is highlighted in red. Numbers 
are in nucleotides relative to the transcriptional start site of Oct4. (B) Quantification of Oct4-14T EMSA. Numbers were derived from three 
independent experiments. (C and E) Autoradiographs of EMSA competition experiments performed with labeled Oct4-95 RNA and 6.4 uM of 
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mRNA. Strikingly, an additional characteristic that was 
initially ignored but was later found to be critical to Lin28 
binding and function, is a bulged A residue ('A' bulge) 
flanked by a pair of G:C base pairs in one of the stem- 
loops (Figure 2A and Supplementary Figure SI). While an 
'A' to 'U' mutation did not alter the secondary structure 
predicted by mFOLD, it did reduce the affinity for binding 
to Lin28 (compare Figure 2B to Figure 1A bottom panel). 
Also, the unlabeled Oct4-95 RNA competed better for 



binding to rLin28 compared to the unlabeled Oct4-14T 
RNA (Figure 2C). Importantly, the same point mutation 
resulted in the loss of Liti28-dependent stimulation of 
translation in vivo (Figure 2D). To further test the import- 
ance of the putative 'A' bulge, we deleted this unpaired 
nucleotide. As expected, the resulting 94-nt element 
(Oct4-AA) exhibited a reduced affinity for Lin28, as 
determined by the EMSA competition assay (Figure 2E). 
In addition, this mutant failed to induce Lin28-dependent 
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translational stimulation (Figure 2F). Thus, the 'A' bulge 
may constitute one key recognition element for Lin28 to 
bind Oct4-95. The secondary structure of pre-let-7a 
(Figure 2G) was initially predicted by mFOLD and was 
subsequently validated by other methods including 
Footprinting (20). This secondary structure apparently 
differs from that of Oct4-95 (Figure 2, compare 
Figure 2A to G) despite their similar affinities for Lin28 
(Figure 1). 

The putative motif is present in multiple mRNA 
targets of Lin28 

Inspired by the above observations, we decided to map 
LREs on other mRNA targets, with the expectation of 
obtaining minimal sequences in order to facilitate identi- 
fication of consensus motifs. Five additional human genes 
(hmgal, eeflg, rpsl3, rpsl9 and her2) were chosen for 
further analysis. The HMGA1, EEF1G and RPS13 
mRNAs have been validated as in vivo targets of Lin28 
regulation at the translational level (3). Supplementary 
Figure S2 presents evidence that the RPS19 (ribosomal 



protein SI 9) and HER2 (human epidermal growth factor 
receptor 2) mRNAs are also in vivo targets of Lin28. 
To determine whether these mRNAs contain motifs 
similar to that in Oct4-95, we initially used an approach 
similar to that described before (3,16). Thus, luciferase 
reporters were constructed which incorporated RNA 
segments from the genes of interest. At first, long se- 
quences were inserted, followed by stepwise shortening. 
This approach was next combined with sequence align- 
ments between Oct4 mRNA and other target mRNAs 
and between species (bilateral animals). Despite exhaust- 
ive attempts, these approaches in every case failed to 
identify conserved sequence motifs essential for activity. 
This led us to an alternative approach in which we used 
mFOLD to identify common structural features, followed 
by reporter assays to evaluate their significance. Three 
criteria were used for our predictions: (i) the element 
contains three stem-loop structures; (ii) at least one of 
the stem-loops contains an 'A' bulge flanked by two 
G:C base pairs and (iii) the structure is predicted to exist 
in the parental full-length mRNA. First, we found 106-nt 
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and 129-nt LREs in the ORFs of rpsl9 and hmgal, re- 
spectively. As shown in Figure 3, both the RPS19-106 and 
HMGA1-129 LREs contain the characteristic Stem A and 
Stem-loops B and C, with the putative 'A' bulge located in 
one of the Stem-loops. To test whether these LREs can 
act to mediate Lin28-dependent stimulation of translation, 



we inserted each of them at the 3'-UTR of the luciferase 
reporter (Figure 4A, top right corner) and performed 
luciferase analysis. While the 106-nt RPS19 element 
(nt 486-591) exhibited an activity of Lin28-dependent 
stimulation of translation, the various segments derived 
from other regions (based on our initial strategy) did not 
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(Figure 4A and B). Importantly, a single 'A' to 'U' 
mutation at the putative 'A' bulge (without altering the 
secondary structure predicted by mFOLD) significantly 
reduced the activity of this element to stimulate transla- 
tion (Figure 4C, compare green line with blue line), and 
simultaneous mutations of the three 'A 1 nucleotides 
further reduced the activity (compare red line with green 
line). Likewise, the HMGA1-129 element (Figure 4D, blue 
bar, nt 543-671) has a readily detectable stimulatory 
activity in the reporter assay, in contrast to the segments 
derived from other regions of the human HMGA1 coding 
region (Figure 4D, black bars). Again, a single 'A' to 'U' 
mutation (HMGA1-53T, Figure 3) without altering the 



secondary structure abolished its ability to stimulate trans- 
lation (Figure 4E, compare red line with blue line). Like 
Oct4-95, HMGA1-129 forms two complexes at high 
rLin28 concentrations, with an apparent K d of 1.97 
(Figure 4F). As expected, the mutant HMGA1-53T ex- 
hibited slightly reduced affinity for rLin28 compared to 
HMGA1-129 as assessed by the EMSA competition 
analysis (Figure 4G). 

The power of this novel approach was further 
underscored by our ability to predict a 200-nt long LRE 
(HER2-200, Figure 5) from the 3767-nt long coding region 
of HER2 mRNA, which was tested positive in our 
reporter assay (Figure 4E, purple line). This structure is 
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nucleotides relative to the transcriptional start sites of the respective genes. The putative 'A' bulges are highlighted in red. 
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Figure 6. Differential Lin28 domain effects on translation and miRNA processing. (A) Schematics of wild-type and mutant Lin28 proteins. The two 
histidine residues in the CCHC domain that were replaced with alanines are marked. The effects of the mutant proteins on translational stimulation, 
let-7 inhibition and RHA interaction are summarized to the right. +++, 100% activity; +, ~50% activity; — , <10% activity. (B) HEK293 cells were 
transfected with the reporter construct containing Oct4-95 (left panel) or HMGA1-129 (right panel), with or without co-transfection of FL-Lin28 or 
FL-CCHCmut. Luciferase activities were measured 24 h following transfection. Luciferase activities in the absence of the FL-protein were set as 1. 
Numbers are mean ± SD (n = 3). Underneath are western blot gels showing expression levels of the FL-proteins. (C) FL-tagged CCHCmut (lanel), 
Lin28AC (lane 2), wild-type Lin28 (lane 3) or empty vector (lane 4) was transfected into HEK293 cells. RNAs were isolated 48 h later and mature 
let-7a miRNA levels determined by RT-qPCR. The let-7a miRNA level in vector-transfected cells was set as 1. Numbers are mean ± SD (n = 3). 
Underneath are western blot gels showing comparable expression levels of the indicated Lin28 proteins. 



somewhat larger and more complex than those of Oct4-95, 
RPS19-106 and HMGA1-129. Moreover, the EEF1G-330 
(previously called EEF1G-R3) and RPS 13-456 (previously 
called RPS13-ORF) fragments (3) from the coding regions 
of EEF1G and RPS 13 mRNAs, respectively, also contain 
the characteristic 'A' bulges as predicted by mFOLD 
(Supplementary Figures S3 and S4). Importantly, these 
two elements were also shown to be active in stimulating 
translation (3). To ask whether our prediction strategy 
could be extrapolated to other species, we tested the 
mouse HMGA1 gene. We predicted a 133-nt LRE in the 
coding region of this mRNA (Figure 5) that elicited a 
translational stimulatory activity (Figure 4E, green line). 
We were struck by the fact that the sequence of this LRE 
lies in a region that only partially overlaps with a region 
predicted to have the highest homology to the human 
HMGA1 LRE. This may explain why we could not find 
LREs based on sequence alignments. 



Mutations in the CCHC domain impair the ability of 
Lin28 to stimulate translation 

Lin28 contains a pair of retroviral-type CCHC zinc fingers 
shown to be important for mRNA binding (31) and inhib- 
ition of let-7 production (4,19,23). Specifically, when the 
two histidine residues were mutated to alanines 
(CCHCmut, Figure 6A, left panel), the mutant protein 
lost its ability to bind RNA (both mRNA and pre-let-7 
miRNA) and to inhibit pre-let-7 processing/uridylation 
(4,23,31). We therefore postulated that the same muta- 
tions would reduce the ability of Lin28 to stimulate 
target mRNA translation due to impaired RNA-binding. 
Indeed, the CCHCmut protein exhibited a significantly 
reduced activity (~50% reduction) in stimulating transla- 
tion of the reporter genes containing either the Oct4-95 
(Figure 6B, left panel) or the HMGA1-129 element 
(Figure 6B, right panel). Consistent with previous 
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Figure 7. A model for differential regulation effects mediated by Lin28. 
Binding of Lin28 to a target mRNA through recognition of an LRE 
leads to the recruitment of co-factor RHA, hence stimulation of trans- 
lation of the mRNA (3,13,15-17). On the other hand, binding of Lin28 
to a pri/pre-miRNA through recognition of a different sequence motif 
prevents the association of the Drosha and Dicer complexes, and 
triggers the recruitment of the uridylating enzyme TUT4, which 
together results in a decreased production of mature miRNA 
(4,7,8,11,18-23). 



reports (4,23,31), this mutant protein also displays 
decreased activity in inhibiting let- 7 miRNA production 
(Figure 6C, compare lane 1 to lane 3). Intriguingly, the 
C-terminal deletion of Lin28 (Lin28AC) does not affect its 
ability to inhibit let-7 production (Figure 6C, compare 
lane 2 to lane 3). Lin28AC is capable of RNA-binding 
but is unable to stimulate target mRNA translation, 
partly due to its inability to interact with RNA helicase 
A (RHA) (3,17). The results summarized in the right panel 
of Figure 6A thus suggest that the mechanisms underlying 
Lin28-mediated inhibition of let-7 production and stimu- 
lation of target mRNA translation are likely distinct. It is 
possible that binding of Lin28 to different RNA targets 
(i.e. precursor miRNAs versus mRNAs) is associated with 
recruitment of different auxiliary factors, perhaps through 
induced protein conformational changes following RNA 
binding. Such a mechanism could underlie distinct physio- 
logical functions of Lin28 (Figure 7). 

DISCUSSION 

We have identified a putative structural motif in multiple 
Lin28 mRNA targets that likely plays a critical role in 
Lin28-dependent regulation of translation. The motif is 
characterized by a small 'A' bulge flanked by two G:C 
base pairs in a context of a larger secondary structure. 
This motif was not immediately evident by inspection of 
sequence alignments between target genes (and LREs 
from target genes) and across species, or by the 
commonly used systematic and stepwise sequence narrow- 
ing down approach. Rather, it emerged through analysis 



of predicted folding patterns of sequences based on a 
unique set of criteria, a product of initial visual inspection 
at folded structures and sequences. The critical role of a 
single nucleotide bulge in specific RNA-protein inter- 
action is not unprecedented. The bacteriophage R17 
coat protein binds specifically to a hairpin structure in 
the translational operator of the replicase gene, which is 
required for inhibition of translation. An unpaired A 
residue in the hairpin stem region was found to be essen- 
tial for the interaction, as deletion of this residue or sub- 
stitution with a cytosine resulted in a drastic decrease in 
the affinity of the hairpin RNA to the coat protein (32). 
In the case of the iron-responsive element binding protein 
(IRE-BP), while formation of multiple contacts of the 
protein with its cognate RNA is required for high 
affinity binding, deletion or mutation of a single bulged 
C residue in the RNA hairpin stem region reduced its 
affinity to the protein by ~400-fold (deletion) or ~30- to 
70-fold (mutation) (33). 

While evident in all transcripts tested so far, there is 
possibility that this 'A' bulge feature may not be 
apparent in every Lin28 mRNA targets. This would not 
be surprising since Lin28 also seems to recognize discrete 
sequence motifs in the terminal loop (TL) of pri/pre-let-7 
miRNAs that share no clear consensus with one another 
(4,8,19). In addition, the sequence and secondary structure 
of pre-let-7a (Figure 2G) differ from those of the LREs we 
have identified (Figures 2, 3 and 5). This is reminiscent of 
KSRP that acts both to regulate splicing and to mediate 
the degradation of AU-rich element (ARE)-containing 
mRNAs (34). It has also been reported to promote the 
biogenesis of a subset of miRNAs including let-7 (11). 
While this protein can bind different ARE-containing 
mRNAs in the context of large and structured RNA 
3'-UTRs (35), it also exhibits a high affinity for G-rich 
stretches that are present in the TL of some, but not all, 
of its target precursor miRNAs (1 1). Likewise, hnRNP Al 
participates in many aspects of mRNA metabolism but is 
also a negative regulator of pri-let-7 processing by 
competing with KSRP for binding to the TL of pri-let-7 
(20). Thus, Lin28 may have evolved to recognize a variety 
of sequence motifs in different structural environments, 
constituting a mechanistic base for the multitude of func- 
tions regulated by this protein. 

Lin28 has been proposed to compete with KSRP for 
binding to the TL, thereby blocking let-7 processing 
(11). However, with a ^ d of ~2uM to the TL [this 
report and (8,19,36)], how could Lin28 compete in vivo 
with KSRP which has a K d of ~50nM (11)? Also, how 
could the small affects of the mutations in the Lin28 LREs 
seen in vitro potentially have large biological effects 
in vivol One possible explanation for this paradox is that 
many of the in vitro studies [this report and (8,19,36)] may 
have underestimated the affinity of Lin28 for the RNAs 
due to sub-optimal experimental conditions. Desjardins 
et al. (37) recently reported a K d of 0.15 nM with Lin28 
for pre-let-7 and they attributed this discrepancy to the 
absence of RNA competitor in their binding buffer and 
elimination of RNA contaminants during Lin28 protein 
purification. In addition, due to limitations in vitro 
(i.e. using purified proteins and short RNA elements) 
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many biological effects may not be fully recapitulated. 
In vivo interactions between protein co-factors and neigh- 
boring binding sites can produce synergistic effects, 
leading to dramatic biological endpoints. Future studies 
aimed at analyzing the detailed and higher order struc- 
tures of Lin28 LREs in complex with Lin28 will greatly 
aid in our understanding of mRNA target regulation by 
Lin28 in both stem cells and cancer cells. 
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